Abstract. We consider portal models which are ultraweakly coupled with the Standard Model, and confront them with observational constraints on dark matter abundance and isocurvature perturbations. We assume the hidden sector to contain a real singlet scalar s and a sterile neutrino ψ coupled to s via a pseudoscalar Yukawa term. During inflation, a primordial condensate consisting of the singlet scalar s is generated, and its contribution to the isocurvature perturbations is imprinted onto the dark matter abundance. We compute the total dark matter abundance including the contributions from condensate decay and nonthermal production from the Standard Model sector. We then use the Planck limit on isocurvature perturbations to derive a novel constraint connecting dark matter mass and the singlet self coupling with the scale of inflation: m DM /GeV < ∼ 0.2λ
Introduction
After the detection of Higgs boson with m h = 125 GeV there has been considerable interest towards its cosmological ramifications. During inflation the Standard Model (SM) Higgs is an energetically subdominant light field 1 , which acquires nearly scale invariant fluctuations [2] [3] [4] . Long wave-length fluctuations tend to displace the field from its vacuum locally, generating an effective primordial Higgs condensate over the observable universe [5] . Similar condensates are formed for all light spectator scalars frequently encountered in SM extensions. Primordial condensates set specific non-equilibrium initial conditions for the early universe. They can leave direct observational imprints ranging from non-thermal dark matter production [6] to the generation of baryon asymmetry [7, 8] . A consistent treatment of condensates is therefore an integral part of testing SM extensions, in addition to imposing other direct observational constraints. The requirement of electroweak vacuum stability against inflationary fluctuations [2, 3] provides another novel window to test spectator couplings. Recently the stability conditions have been extensively studied [4, [9] [10] [11] [12] [13] [14] accounting both for the non-minimal curvature coupling [15] [16] [17] as well as eventual couplings to new physics [18, 19] .
In this work we investigate in detail cosmological constraints on Higgs portal extensions of SM. We will in particular analyse the effects of the inflationary initial conditions. Many of the cosmologically interesting features of portal scenarios are captured by the simplest effective model featuring a scalar singlet coupled to Higgs via λ hs s 2 Φ † Φ [20] [21] [22] [23] . Here we include also a singlet fermion field, i.e. a sterile neutrino, in the portal sector, with a Yukawa coupling to the singlet scalar [24] [25] [26] [27] [28] . In this setup both the singlet scalar and the singlet fermion can be dark matter. If the portal coupling is very weak the portal sector will never thermalize with the SM fields. In that case, dark matter can be produced by two mechanisms: by decay of the primordial singlet condensate and by non-equilibrium decays of SM particles. The latter is often referred to as the freeze-in [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] as opposed to the usual freeze-out of thermal relics. As shown in [6] the decay of the primordial condensate can easily dominate the dark matter yield.
A primordial condensate originating from inflationary fluctuations in general contains an isocurvature component uncorrelated with the SM sector. When dark matter is sourced by such a condensate, an isocurvature fluctuation gets imprinted to it, and if the dark sector is weakly coupled to SM, this isocurvature component persists. However, isocurvature is heavily constrained by observations of the Cosmic Microwave Background (CMB). This leads to stringent bounds on model parameters in portal scenarios. In our specific model we find a novel constraint connecting the isocurvature dark matter mass and the singlet self coupling to the inflationary scale, m DM /GeV < ∼ 0.2λ 3/8 s (H * /10 11 GeV) −3/2 , given that the portal coupling is small enough, |λ hs | < ∼ 10 −7 . This bound connects in intriguing way the standard electroweak scale physics (freeze-in production of dark matter) to the isocurvature constraints sensitive to physics up to the inflationary scale. It should be stressed that bounds like this are generic to most weakly coupled portal DM models with light scalar fields.
The paper is organised as follows. In Section 2, we present the model and discuss inflationary initial conditions and isocurvature perturbations. In Section 3 we identify the dark matter candidates in the setup and investigate the different channels for dark matter production. In Section 4 we contrast the dark matter abundance and isocurvature perturbations against the observational data and present the imposed constraints on couplings and mass scales. In Section 5 we summarise and present our conclusions.
The Model
We consider Higgs portal extensions of the Standard Model, where the portal sector includes a real singlet (pseudo)scalar s and a fermion ψ. We assume that the Lagrangian is invariant under the parity transformation ψ(t, x) → γ 0 ψ(t, −x), s(t, x) → −s(t, −x). The fermionic part of the portal sector is 1) and the most general renormalizable scalar potential is given by
Here Φ is the SM Higgs doublet with the standard kinetic terms. In the unitary gauge the Higgs doublet is written as √ 2Φ T = (0, v + h), where v = 246 GeV at T = 0. We assume throughout the paper that µ 2 s > 0 and m 2 s ≡ µ 2 s + λ hs v 2 /2 > 0, so that the minimum of the potential is at s = 0 and m s is the physical mass of s in zero temperature vacuum. These imply an upper limit on the portal coupling, λ hs < 2m 2 s /v 2 . We also assume that λ h > 0, λ s > 0 and λ hs > −2 √ λ h λ s guaranteeing that the tree level potential is bounded from below.
Initial values of the scalar fields
For field values sufficiently below the Planck scale, both the Higgs and the scalar singlet are light during inflation, V H 2 , and acquire nearly scale invariant fluctuations [2, 7] .
Although h = s = 0 over the entire inflating patch, the accumulation of long-wavelength fluctuations generates effective Higgs and singlet condensates over the observable universe. If inflation lasts longer than the minimal N ∼ 60 e-folds, the spatial averages computed over the observable patch will in general significantly differ from zero. A quantitative estimate for the observable average is given by the root mean square φ * ≡ φ 2 , φ = h, s, of fluctuations over the entire inflating patch [5] 
Here H * is the value of the Hubble parameter at the horizon crossing of observable modes.
Here we have assumed that the portal coupling is small |λ hs | √ λ h λ s . For 0.01 < ∼ λ φ < ∼ 1, this yields a slight overestimate as the scalars become effectively massive before reaching the value φ * . However, we have checked that the correction is at most an order of magnitude even when λ φ ∼ 1.
In Eqs. (2.3) we have implicitly assumed that the non-minimal curvature couplings ξ h Rh 2 and ξ s Rs 2 (necessarily generated by radiative corrections) are negligible: |ξ h,s | 1. For the Higgs field this is consistent with electroweak vacuum stability only for H * < ∼ 10 11 GeV [15] . For H * 10 11 GeV the stability requires ξ h 0.1. This renders the Higgs effectively massive and no condensate is formed. On the other hand, the stability is not affected by the weakly coupled singlet and we may take |ξ s | 1 irrespectively of the inflationary scale. A singlet condensate is then necessarily formed and we will take (2.3) as the initial condition for s after inflation. For the Higgs field we take (2.3) as the initial condition when H * < ∼ 10 11 GeV, whereas for higher inflationary scales we use h * = 0. We assume instantaneous reheating after the end of inflation, where a thermal bath of SM particles with a temperature T reh ∼ (H * M P ) 1/2 is produced. After this the temperature falls as T ∝ a −1 . The Higgs condensate thermalises around T = 10 −2 T reh [7] and has no impact on the dark matter yield (see [40] [41] [42] for its evolution in T = 0 background). The singlet condensate does not feel the thermal bath if |λ hs | < ∼ 10 −7 and, consequently, in this regime a sizeable fraction of dark matter in the portal sector will be produced out of the primordial condensate [6] .
Vacuum stability
Due to the very weak portal coupling |λ hs | < ∼ 10 −7 , the analysis of the SM vacuum stability during inflation is not affected by the new scalar and fermion fields. However, the s-dependent part of the scalar potential may develop another minimum at a nonzero field value as the fermion coupling in Eq. (2.1) gives a negative contribution to the beta function of λ s . The energy density at such symmetry breaking vacuum could, in extreme case, be very large and negative, and potentially lead to problems such as collapsing universe, see e.g. [13, 14] . Even though such pathologies are not expected for all vacua with nonzero s, we choose to restrict ourselves in the regime where the s = 0 vacuum is stable against inflationary fluctuations.
Neglecting contributions induced by Higgs loops, which are heavily suppressed by the small coupling λ hs , the beta functions for λ s and g are
Let us denote by µ max the scale above which the coupling λ s becomes negative. Dimensionally, the height of the barrier between the s = 0 vacuum and the possible negative energy vacuum is V vacuum if
max . Avoiding this imposes a constraint between g and λ s shown in Fig. 1 . Specifically, if we take µ max = 10 12 GeV, we need to have g < ∼ 1.5λ
s . We have also computed the running of couplings from Eq. (2.4) to determine the region of the parameter space where the coupling λ s has a Landau pole below H * .
Isocurvature perturbations
For |λ hs | < ∼ 10 −7 the portal sector will never thermalise with the SM fields. The dark matter component sourced by the primordial singlet condensate will therefore retain its isocurvature fluctuation, whose amplitude is heavily constrained by CMB observations. This constrains the energy density of the singlet condensate to be small. Consequently, the isocurvature perturbations have only a negligible effect on the evolution of adiabatic perturbations. Hence, as the singlet fluctuations are assumed to be decoupled from the inflaton sector, the adiabatic and isocurvature perturbations can be treated as totally uncorrelated.
Here we assume that both the scalar and fermion masses are above the electronvolt scale m s,ψ > ∼ 1 eV. In this regime we find that they constitute non-relativistic matter at the time of CMB formation. The isocurvature perturbation on superhorizon scales is then given by
Here ρ γ is the radiation energy density, ρ s 0 denotes the non-relativistic matter sourced by the singlet condensate and ρ CDM denotes all other non-relativistic matter which we assume to be adiabatic: δρ CDM /ρ CDM = (3/4)δρ γ /ρ γ = −3ζ. All perturbations are evaluated at photon decoupling T dec ∼ 0.3 eV. Using ζδρ s 0 = 0 and denoting δ s 0 = δρ s 0 /ρ s 0 , the spectrum of isocurvature perturbations becomes
This defines the isocurvature parameter β. Planck data constrains the isocurvature contribution to be at most a few percents β < ∼ 0.05 [43] for isocurvature modes uncorrelated with adiabatic perturbations.
We need to estimate the quantity P δs 0 at the time of CMB formation. Here the field s oscillates in effectively quadratic potential and the envelope of the field is related to the inflationary initial condition through s ∝ s 3/4 * [44] . Correspondingly, we get δ s 0 = 2δs/s = (3/2)δs * /s * . The inflationary fluctuations δs * around the effective background field value s * have the usual spectrum of a massless scalar, P δs * = (H * /2π) 2 . Thus, we get the result
where we have used Eq. (2.3) for s * in the last step. Finally, using P ζ 2.2 × 10 −9 and β < ∼ 0.05 [43] in Eqs. (2.6) and (2.7), we get an absolute upper bound for today's dark matter abundance sourced by the singlet condensate:
This absolute upper bound provides stringent constraints on the model parameters, as we will discuss in Sections 3 and 4.
Dark Matter production
In the model discussed here both the singlet fermion ψ and the singlet scalar s can be dark matter particles. Singlet scalar particles are generated through the decay of the primordial singlet condensate (2.3) and through the standard freeze-in mechanism dominated by decays of Higgs particles at the electroweak scale [6, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . On the other hand, singlet fermions can be generated through decays of either the singlet scalar condensate or singlet scalar particles through the Yukawa coupling (2.1).
Particle production from a primordial field
The singlet condensate does not feel the thermal bath of SM particles when |λ hs | < ∼ 10 −7 .
After it becomes massive and starts to oscillate, its energy density is diluted by the expansion of space. The oscillating field can decay to singlet scalar particles and singlet fermions and to Higgs bosons. The evolution of the energy density of the condensate is determined bẏ
where Γ i are the decay rates of the condensate averaged over one oscillation. The parameter w = 1/3 if the condensate oscillates in the quartic regime (where potential is dominated by the quartic term) and w = 0 if the condensate oscillates in the quadratic regime. In quartic regime both s 0 → ss and s 0 →ψψ channels are open, but the latter is not effective due to Fermi-blocking (see appendix B for details), whereas in the quadratic regime the channel s 0 → ss is kinematically blocked. The effect of other channels, such as s 0 → hh and s 0 → sss and of condensate induced processes h → sh, s → ss and s → hh are negligible. All relevant decay rates are given in Appendix A. Decay processes have negligible effect on the condensate dynamics until their rate becomes comparable to the Hubble scale; up to this point evolution is affected only by the expansion of space. The decay channel whose rate Γ i becomes equal to the Hubble scale H first will dominate and defines the condensate decay temperature via Γ i (T dec ) = H(T dec ). To estimate the dark matter abundance sourced by the condensate we need to identify the dominant channel and determine how the fermion and scalar masses are ordered. We find that in the present case the abundance of dark matter produced out of the condensate can be expressed in the following general form:
Here ρ c is the critical density and T 0 is the CMB temperature today, g s * is the effective number of entropy degrees of freedom. E DM is the average energy of the dark matter particles produced in decays and ω dec is defined as the oscillation frequency of the lowest Fourier mode of the s 0 field during its decay. Finally the constant C ≈ 7.5 in the quadratic and C ≈ 6.4 in the quartic regime (see appendix A for details).
The
In all other cases m DM = m ψ irrespective of the mass hierarchy, even when condensate first decays to, now unstable s, because the inverse decay rate ψψ → s is always negligibly small. Also E DM ≈ ω dec /2 in all these cases. If condensate decays directly to fermions, this is because decay is controlled by operator s 0 ψψ, and the frequency of s 0 is ω dec . When condensate decays first to unstable scalars we get the same result because each primary s-particle now has energy ω dec , but as they decay each daughter fermion gets half the energy of the parent state. Finally, there is the possibility that the condensate does not decay by the time of recombination. In this case the condensate itself plays the role of the dark matter and we find
In Fig. 2 we display results from a calculation that accounts for all the details described above. We show regions in self-coupling λ s and either the inflationary scale H * (left panel) or the fermion coupling g (right panel), where the condensate decays either to fermions (green areas) or scalars (blue areas). We show also regions (red areas) excluded by isocurvature constraint as well as contours of dark matter abundance produced from the condensate decay. Gray regions show where our calculation is not self-consistent: either λ s has a Landau pole below the inflationary scale, or the s = 0 vacuum is not stable against inflationary fluctuations. It should be noted that the isocurvature bound (2.8) is much tighter than the limit where dark matter would overclose the universe.
Dark matter production via freeze-in
In addition to the dark matter production from the primordial field considered above, also direct production from Standard Model needs be taken into account. For weakly coupled portal models the standard thermal freeze-out mechanism is inefficient, but nonthermal freeze-in production [30] can easily be efficient at temperatures below the EW scale. In freeze-in scenarios dark matter particles never reach thermal equilibrium with the SM particles, and the initial occupation number of the dark matter particles are either zero, or negligibly small. The dark matter production is always dominated by the Higgs boson decay channel h → ss. In this case the dark matter abundance produced by freeze-in mechanism is
If dark matter is the singlet scalar particle (m s < 2m ψ ) then m DM = m s and N = 1. If dark matter is the singlet fermion (m s > 2m ψ ) then m DM = m ψ and the factor N = 2 accounts for the fact that two fermions are produced in each subsequent s decay. We can now simply sum up the yields from the scalar condensate and Higgs decay to obtain
This assumed that the dark matter component created earlier by the primordial field may be neglected when computing the yield (3.4) . This is a self-consistent condition for a sufficiently heavy, weakly coupled dark matter satisfying the overclosure constraint in general, and here in particular in regions allowed by the much more stringent isocurvature constraint. Indeed, when ψ is the dark matter particle, its mass is bounded from below by the Tremaine-Gunn limit [45, 46] m ψ > ∼ 0.1 keV.
Results
We now move on to present results for the dark matter yield accounting for all the decay channels of the primordial singlet condensate and the freeze-in production through Standard Model decays.
A particularly important consequence of a primordial scalar background in the weakly coupled portal sector is the generation of isocurvature perturbations. In [6] it was argued that the isocurvature bounds could be alleviated if the primordial condensate decays at least partially into relativistic degrees of freedom. Here we have investigated this effect including singlet fermions in the portal sector and treating their mass as a fee parameter. As can be seen in the upper right panel of Fig. 3 , the lower limit on the singlet self-coupling λ s indeed gets relaxed as the fermion mass decreases. However, the allowed parameter space is still strongly constrained indicating the very general role of isocurvature bounds in weakly coupled portal extensions of the Standard Model.
By making use of the isocurvature constraint (2.8) and total abundance of particles produced out from a primordial scalar field (3.2), we can derive a rough upper bound on the mass of the particle constitituting an isocurvature component of the dark matter,
(4.1)
We stress that the formation of primordial condensates is a typical consequence in a theory which contains scalar fields. Therefore we expect that qualitatively similar results would Figure 4 . Contours show the abundance of singlet fermions, log 10 (Ω ψ h 2 /0.12), produced by Higgs decay, H → ψψ, via condensate induced mixing of s and h. Red and grey areas are as in figure 2. In the blue region the total dark matter abundance is too large (Ω DM h 2 > 0.12). In the left panel, in the area left from the dashed line (in the right panel, in the area above the dashed line) the transition to the quadratic regime happens at T > T EW . In the white region the primordial field has decayed by T = T EW .
constrain the masses and couplings also in other, more generic portal models and extensions of the SM.
The total dark matter abundance together with the isocurvature constraint are shown in Fig. 3 . Blue regions in left panels are excluded because a too large portal coupling |λ hs | leads to an overproduction of dark matter from Higgs boson decay. The red regions are excluded by the isocurvature constraint the bound being stronger (weaker) for smaller (larger) values of the self-coupling λ s . In the grey areas in the right bottom panel, corresponding to large fermion coupling, our calculation is not self-consistent. Overall, the isocurvature bound constrains the singlet self-coupling λ s from below and the bound gets tighter as the inflationary scale H * increases. The portal coupling |λ hs | on the other hand is constrained from above by the abundance of adiabatic dark matter which should not exceed the observed value.
For a very small self-coupling λ s (see for example Fig. 4 ) the condensate does not decay before the electroweak phase transition at T = T EW . After the transition a nonzero Higgs vev induces a mixing between h and s, which gives a new channel for ψ production. We have checked that the production of the singlet fermions from Higgs boson decay via the mixing is negligible in most of the allowed region, however. Results of a calculation including both condensate and freeze-in production of dark matter are shown in Fig. 4 for a particular choice of parameters. The isocurvature constraint is much weaker here than in Fig. 2 because we have used, for illustration, a much smaller mass m s . Increasing m s would tighten the limit. Also, adopting a smaller m ψ would reduce the abundance of ψ produced via the mixing.
Conclusions
We have performed a detailed analysis of the cosmological constraints on ultraweakly coupled Higgs portal scenarios with both bosonic and fermionic fields. By concentrating on dark matter production and isocurvature perturbations we have derived stringent constraints on couplings and masses in such models. Our most important results are the isocurvature bound on dark matter abundance, Eq. (2.8), and an absolute upper bound on dark matter particle mass, Eq. (4.1), calculated by making use of the isocurvature constraint and the total abundance of particles produced out from a primordial scalar field, Eq. (3.2) .
The most interesting feature of the result (4.1) is that it connects the inflationary energy scale H * to the portal sector parameters m DM and λ s . Qualitatively similar results were obtained already in [6] . Here we have extended the analysis accounting both for the decay of primordial condensate into portal sector fermions and for the standard freeze-in contribution to singlet dark matter. Our results show that although isocurvature bounds are alleviated in the limit of light fermions, they always strongly constrain the portal sector couplings and masses. We find that the standard freeze-in mechanism for dark matter production still remains viable, but in a limited parameter space which depends on the scale of inflation.
In conclusion, a detailed study of CMB anisotropies and primordial gravitational waves probing the inflationary scale may, in interesting and unexpected ways, shed light over different SM extensions. While we considered explicitly a particular model with a singlet fermion and a scalar field, our results are easily extended to constrain also other very weakly coupled dark matter models.
A Decay rates of an oscillating background
The singlet field s remains nearly constant until it becomes effectively massive, when V ∼ H 2 . After this it starts to oscillate with a decreasing envelope, which can be approximated analytically as follows in the quartic (T > ∼ T tr ) and quadratic (T < T tr ) regimes:
The transition temperature is given by condition λ s σ (4) 0 (T tr ) 2 = µ 2 s . For temperatures above T tr the singlet sees an effectively quartic potential λ s s 4 µ s s 2 , whereas below T tr the quadratic mass dominates. In the quartic regime
where cn is the Jacobi cosine, and the oscillations can be divided into multiple tones, whereas in the quadratic regime s 0 (t) = σ and the condensate oscillates with one frequency only.
The oscillating background generates an additional mass term for s, h and ψ particles, so that the masses are
where µ h (T ) 2 ∼ 0.1T 2 . At T < T EW ≈ 150GeV the Higgs vacuum expectation value gives an additional contribution λ hs v 2 /2 to M 2 s and 3λ h v 2 to M 2 h . Note that the fermionic mass term is written in basis where it takes a real value, requiring a chiral rotation which transforms gsψγ 5 ψ → sψ(g S + ig P γ 5 )ψ with g 2 S + g 2 P = g 2 . An oscillating background field can lead to particle production [6, 47, 48] . To derive the corresponding decay rates it is convenient to write the field and its square in Fourier series
where ω is the oscillation frequency of s 0 . The decay rate of the condensate energy density is given by
where
is the energy density of the condensate, E n is the energy of the nth Fourier mode, p n = (E n , 0), M n is the amplitude of the process i → f corresponding to nth Fourier mode, f j are phase space distribution functions, and + applies for bosons and − for fermions. Neglecting the blocking and stimulated emission factors, the decay rates of the condensate energy density induced by the interactions λ s s 0 (t) 2 s 2 , igs 0 (t)ψγ 5 ψ λ hs s 0 (t) 2 h 2 , λ s s 0 (t)s 3 and λ hs s 0 (t)sh 2 are, respectively, given by 8) where K j are the modified Bessel functions of the second kind and n j denote particle number densities. The first three processes describe particle production from vacuum state, whereas the latter two are particle decays induced by the condensate. We have not written Γ s 0 →sss and Γ s→hh because s 0 → sss is negligible to s 0 → ss and s → hh is insignificant because M s M h . In contrast to [48] where particles were assumed to be massless, we have used adiabatic mass terms given by (A.4) .
Finally, we average the decay rates over one oscillation Γ = 2π ω 0 dt 2π Γ(t). (A.9)
In the quadratic potential only s 0 →ψψ is allowed, because ω = µ s and only n = 1 mode is nonzero, whereas in the quartic potential ω = 0.85λ
0 (T ) and χ n = 0 for all odd n and ζ n = 0 for all n, so all processes except s 0 →ψψ (see Appendix B) are allowed for some n.
B Constraints from fermion statistics
The oscillating background produces fermions with a maximum momentum p 2 F = ω 2 − m 2 ψ (see Appendix A for details). By estimating that the produced fermions constitute degenerate Fermi gas, the maximum energy density of fermions produced from the condensate is
Comparison to the energy density of the condensate, ρ s 0 V , reveals that in the quartic regime ρ where σ 0 is given by Eq. (A.1). We have checked that the ratio (B.3) becomes equal to one before photon decoupling in all cases under consideration. Therefore, the complete decay of the condensate by channel s 0 →ψψ is possible only in the quadratic regime.
